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The electronic structure of the high- Tc cuprates is studied in terms of "large- [/" and 
"small-C/" orbitals. A striped structure and three types of quasiparticles are obtained, 
polaron-like "stripons" carrying charge, "svivons" carrying spin, and "quasielectrons" 
carrying both. The anomalous properties are explained, and specifically the behavior 
of the resistivity. Hall constant, and thermoelectric power. High-temperature super- 
conductivity results from transitions between pair states of quasielectrons and stripons. 
KEY WORDS: High- Tc superconductivity, stripes, transport properties, meclianism. 
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1. INTRODUCTION 

The validity of the Fermi-liquid scenario for 
the high- Tc cuprates has been doubted, and scenar- 
ios such as of a marginal Fermi liquid (MFL) [1], 
anomalously-screened Fermi liquid [2], and others 
have been suggested. Evidence is growing [3,4] that 
the Cu02 planes are characterized by a static or dy- 
namic striped structure. A theoretical study of the 
cuprates requires the consideration of both "large-C/" 
and "small-[/" orbitals [5]. 

A small- [/ electron in band v, spin a, and wave 
vector k is created by the fermion operators cj^^(k). 
The large- [/ states are treated by the "slave- fermion" 
method [6], where an electron in site i and spin a 
is created by dl^ = ejs^ _^, if it is in the "upper- 
Hubbard-band" , and by d'^^ — crsj^h-, if it is in 
a Zhang-Rice-type "lower-Hubbard-band" . Here e^ 
and h^ are ("excession" and "holon") fermion oper- 
ators, and s,j^ are ("spinon") boson operators. The 
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constraint ele^ + hlh^ + J2a ^Icr-^ia = 1 should be 
satisfied in every site. 

An auxiliary Hilbert space is introduced where 
the constraint is imposed only on the average by in- 
troducing a chemical-potential-like Lagrange multi- 
plier. Physical observables are projected into the 
physical Hilbert space by taking appropriate com- 
binations of Green's functions of the auxiliary space. 
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Since the time evolution of Green's functions is 
determined by the Hamiltonian which obeys the 
constraint rigorously, effects of constraint violation 
may result only from approximations introduced. 
Within the "spin-charge separation" approximation 
two-particle spinon-holon Green's functions are de- 
coupled. 

2. QUASIPARTICLES 

The spinous are diagonalized by the Bogoliubov 
transformation, yielding creation operators CtO^)j 
and "bare" spinon energies e"" (k) with a V-shape zero 
minimum at k = kn, where kn is either (■^, ■^) or 
(t-,— T-)- Bose condensation results in antiferro- 
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magnetism (AF), and the spinon reciprocal lattice 
is extended by adding the wave vector Q — 2ko. 

The decoupling of two-particle spinon-spinon 
Green's functions, relevant for spin processes, is more 
reasonable within the slave-fermion method, where 
the Bose condensation of spinous does not require 
pair correlation, than within the "slave-boson" [6] 
method, where BCS condensation of spinous does 
require pair correlation. 

A lightly doped AF plane tends to separate into 
a "charged" phase and an AF phase. Under long- 
range Coulomb interactions one expects [7] a frus- 
trated striped structure of these phases. Experiment 
[4] confirms such a scenario and indicates at least 
in certain cases a structure where narrow charged 
stripes form antiphase domain walls separating wider 
AF stripes. Various experiments [8] support the as- 
sumption that such a structure exists, at least dy- 
namically, in all the superconducting cuprates. 
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The validity of the spin-charge separation ap- 
proximation has been estabhshed in one-dimension. 
Thus it should apply for holons (excessions) within 
the charged stripes, and they are referred to as 
"stripons" . Their fermion creation operators are de- 
noted by p'[j(k), and their bare energies by e^(k). 
Since one expects finite stripe segments, frustrations, 
and defects, which are fatal for itinerancy in one- 
dimension, it is likely that the starting point for the 
stripon states is of localized states. 

The small-C/ electrons hybridize with coupled 
holon-spinons (excession-spinons) within the AF 
stripes forming, within the auxiliary space, "Quasi- 
electrons" (QE's), created by ^^^(k). Their bare en- 
ergies e?(k) form quasi-continuous ranges of bands 
crossing the Fermi level (-Ep ) over ranges of the Bril- 
louin zone (BZ). 

3. SPECTRAL FUNCTIONS 

The electron spectral function A{p, oj) is ex- 
pressed in terms of spectral functions A^(k, w), 
A^(k, w), and A^(k, w), of the QE's, spinous, and 
stripons, respectively. A{p, uj) has a "coherent" con- 
tribution from a few QE bands, while the quasi- 
continuum of the other QE bands and the stripon- 
spinon spectral functions contribute an "incoherent" 
background of a comparable integrated weight. 

The quasiparticles are coupled by a Hamiltonian 
term, derived from hopping and hybridization terms 
of the original Hamiltonian, and expressed as: 

LfiXa k.k' 

+ sinh (eA.,(k-k'))CL,(k' - k)] + h.c.y (1) 

where the cosh and sinh terms are those appearing 
in the Bogoliubov transformation. H' introduces a 
vertex connecting QE, stripon and spinon propaga- 
tors. Since the stripon bandwidth turns out to be 
much smaller than the QE and spinon bandwidths, 
"vertex corrections" are negligible by a generalized 
Migdal theorem, and a second-order perturbation ex- 
pansion in Ti' is applicable. The scattering rates 
r-'(k, w), r^(k, a;), and r^(k, a;), of the quasiparti- 
cles are then calculated, and for sufficiently doped 
cuprates one gets a self-consistent solution of the fol- 
lowing features: 

Spinous : One gets A'' (k, oj) (x lu for small w, and 
thus A''{'k,uj)bj.{Lu) ex T for oj -^T, where b^{uj) is 
the Bose distribution function. 



Stripons : The localized stripon states are renor- 
malized to polaron-like states very close to E^^ , with 
some hopping through QE-spinon states. One gets 
TP{k,u!) ex Aco'^+BujT+CT'^, and a two-dimensional 
itinerant behavior at low temperatures, with a band- 
width of ~0.02 eV. 

Quasi-electrons : An approximate expression 
for their scattering rates is given by r''(k, w) ex 
Lu[b^{uj) + i], becoming r''(k, a;) ex T in the limit 
T > |w|, and ri{k,uj) ex i|u;| in the limit T < |w|, 
in agreement with MFL phenomenology [1]. 

Lattice effects ("svivons") : The charged stripes 
are characterized by an LTT-like structure [3]. Thus, 
spinon excitations due to Ti' are followed by phonon 
excitations, and stripons have polaron-like lattice 
features. A spinon propagator linked to a vertex is 
thus "dressed" by phonon propagators. We refer to 
such a phonon-dressed spinon as a svivon. 

Optical conductivity : QE -^ QE transitions re- 
sult in the observed Drude peak [9] , while stripon — > 
stripon-svivons and stripon — > QE-svivon transitions 
result in the observed mid-IR peak [9]. 

Spectroscopic anomalies : "Shadow bands" , "ex- 
tended" van Hove singularities (vHs), and normal- 
state pseudogaps result from the effect of the striped 
structure on the QE bands [10]. The vHs are ex- 
tended to supply the spectral weight for the stripon 
states, and when the vHs are missing this trans- 
ferred spectral weight causes a pseudogap in the same 
place in the BZ [11]. The spectroscopic signature of 
stripons is smeared over few tenths of an eV around 
-Bp due to the accompanying svivon excitations. 

4. TRANSPORT PROPERTIES 

The dc current is expressed as a sum j = j"* + j^ 
of QE and stripon contributions. Since stripons do 
not hop directly, but via QE states, one gets that 
jP = aj'', where a is approximately T-independent. 
Consequently, an electric field is accompanied by gra- 
dients V/x' and V/x^ of the QE and stripon chemical 
potentials, such that iVV^^-fiVPV/iP = 0, where 7V« 
and NP are the contributions of QE's and stripons 
to the electron density of states at E-^ . 

Expressions for the dc conductivity and Hall 
constant, in terms of Green's functions, are derived 
using the Kubo formalism. They are expressed 
through diagonal and non-diagonal conductivity QE 
and stripon terms a^l, a^P, u™ , ^^y ^ and mixed 
terms u%^fP . The currents in an electric field E can 
then be expressed as: j^ ~ '^Vx^t^ Jx = '^xx^x^ 
where 5« = E-hV/xVe, Sp = E+W^P/e. By ex- 
pressing E = (TV'Jf'? + NP £P)/{Ni + NP), and 
Jx + Jx — jx = Ex/px, one gets that the resistiv- 
ity can be expressed as: 
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Similarly, the Hall constant R-^ — Ey/j^H can be 
expressed as R^ = p^/ cotO^, where: 
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FIG. 1. The resistivity (a), inverse Hall constant (b), 
and cotSjj (c), in arbitrary unit, for parameter val- 
ues: A=l,7,13,19,25; B=.001; C=l; D=0,50,100,150,200; 
N=l,.9,.8,.7,.6; Z=2. The first value corresponds to the 
thickest lines. 

The temperature dependencies are determined 
by these of V^ and F^, obtained above, to which 
we add temperature-independent impurity scatter- 
ing terms. Thus one can parametrize: a'^1 ex (D + 



CT)-\ aPP ex {A + BT^ 
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(X (A + BT^)-^, alfP ex [{D + CT){A + 



BT"^)] ^, and express: 
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FIG. 2. The resistivity (a), inverse Hall constant 
(b), and cot ^jj (c), in arbitrary unit, for parame- 
ter values: A=20,40,60,80,100; B=.01; C=. 5,2, 5, 10,20; 
D=20,40,80,160,320; N=l, 1.3,1.8,2.5,3.4; Z=.01. The 
first value corresponds to the thickest lines. 

This parametrization reproduces the system- 
atic behavior of the transport quantities in differ- 
ent cuprates, except for the effect of the pseudo- 
gap for underdoped cuprates. Results for sets of pa- 
rameters corresponding to data in YBa2Cu3_2:Zn2;07 
[12], Tl2Ba2Cu06+^ [13], and La2^:rSr^Cu04 [14], 
are presented in Figs. 1,2, and 3, respectively. 

When also a temperature gradient is present, 
one can express: j« = cT-iL«("'£"9 + L«(i2)y(y-i)^ 

■f = cT-iLP(")£P +LP(i2)V(r-i). The thcrmo- 
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electric power (TEP) is given by S = [E/VT]j=o- 
Since j'' = aj', the condition j = means j' = 
jP ^ 0. Thus, one can express: S = (A^«S« + 
NPSP)/{m + NP), where S« = -IJ'<-^^'^ /cTV'<-^^\ 




50 100 150 200 250 300 350 400 450 500 

r[K] 



cot 




1000 1500 

T^ [100 K^i 



2500 



FIG. 3. The resistivity (a), Hall constant (b), 
and cot6'jj (c), in arbitrary unit, for parameter val- 
ues: A=3,2.4,2,1.7,1.5; B=.00025,.0004,.0006,.0008,.001; 
0=1,1.1,1.3,1.6,2; D=40; N=l, 1.5,2. 2,3,4; Z=3. The first 
value corresponds to the thickest lines. 

One gets 5"^ oc T, as for wide-band electrons, 
while SP saturates at T ~ 200 K to the narrow-band 
result: Sp = (/Cg/e) In [(1 — nP)/nP], where nP is the 
fractional occupation of the stripon band. This is 
consistent with the typical behavior of the TEP in 
the cuprates which has been parametrized as: S = 
AT + BT"/{T + 6)" [15]. It was found [16,17] that 
S'P = (and thus riP — 0.5) close to the optimal 
stoichiometry. 



5. MECHANISM FOR HIGH-Tg 

Ti' provides a mechanism for high- Tc due to 
transitions between pair states of QE's and stripons 
through the exchange of svivons. The symmetry of 
the superconducting gap is determined by the sym- 
metry of coupling through 7i', and is thus close to 
the symmetry of the normal-state pseudogap, as has 
been observed [11]. This pairing mechanism is simi- 
lar to the interband pair transition mechanism pro- 
posed by Kondo [18]. An upper limit for Tc is deter- 
mined by the temperature where the stripon band 
becomes coherent, and similarly to a previous work 
[5], this turns out to be consistent with the Uemura 
limit. 

6. SUMMARY 

The consideration of large-C/ and small-C/ or- 
bitals in the cuprates results in a striped struc- 
ture, and three types of quasiparticles: polaron- 
like stripons carrying charge, phonon-dressed spinous 
(svivons) carrying spin, and QE's carrying both. 
Anomalous normal-state properties of the cuprates 
are explained, and specifically the systematic behav- 
ior of the resistivity. Hall constant, and thermoelec- 
tric power. A mechanism for high- Tc is obtained on 
the basis of transitions between pair states of stripons 
and QE's through the exchange of svivons. 
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